We demonstrate STM-based lithography on Cl-Si(100)-(2x1), in which we study the desorption of chlorine at sample temperatures from 300-600 K. We find evidence of several reactions induced on the surface, including atomic (Cl) and molecular (Cl2) chlorine desorption and find a dependence on temperature. We optimize the experimental parameters for lithographic patterning and discuss the use of chlorine, bromine and iodine as lithographic masks for future device fabrication utilizing halogen-based dopant precursors.
I. INTRODUCTION
Scanning tunneling microscopy (STM) based, hydrogen depassivation lithography 1 has developed into a wellestablished technique for the fabrication of atomic-scale electronic devices in silicon 2 . For this, a single atomic layer of adsorbed hydrogen is utilized as a lithographic mask that can be selectively desorbed by tunneling and field-emitted electrons from the tip of an STM in an ultra-high vacuum (UHV) environment 3 . The desorption of adsorbed hydrogen atoms from the silicon surface exposes highly reactive dangling bonds that may then react with an appropriately chosen precursor molecule to enable selective area chemical vapor deposition 4 and patterned atomic-layer epitaxy 5 . Through careful control of the chemistry 6 it is possible to place single atoms on the substrate surface with near-atomic precision for use as single atom transistors 7 and dopant-based qubits in silicon 8 .
This technique has largely focused on hydrogen-based chemistry for both the resist and the dopant precursors. In particular, the process has been optimized to enable the precision placement of single phosphorous dopant atoms in silicon using PH 3 for the realization of the Kane quantum computing architecture 9 . Recently, a number of proposals have been put forth for the fabrication of boron and aluminum dopant based devices ranging from acceptor-based qubits 10, 11 to superconducting Si devices 12, 13 . While a hydrogen-based acceptor precursor analogue of PH 3 that is also compatible with the STM fabrication process has yet to be identified, BCl 3 has been used to heavily boron-dope silicon and induce superconductivity by means of gas immersion laser doping (GILD) 14 . Although GILD is not compatible with STM lithography, several reports have demonstrated room temperature adsorption of BCl 3 and AlCl 3 on Si(100) 15 and Ge(100) 16 , pointing to the potential viability of utilizing halogen-based acceptor precursors for atomic-precision device fabrication. The use of a halogen-based precursor will likely necessitate the use of a halogen-based resist to prevent halogen-hydrogen chemistry from negating the desired selective adsorption on the exposed dangling bond sites [17] [18] [19] which forms the basis of our pursuits.
STM-induced desorption of adsorbed Cl atoms from Si(100) was briefly mentioned within a study on the adsorption of TiCl 4 on STM patterned H-Si(100)-(2x1) 20 . In that study, the authors stated that adsorbed Cl could be removed from TiCl 4 exposed areas in the same manner used to remove hydrogen to enable further adsorption of TiCl 4 . However, outside of this brief mention, no further investigations of STM-induced desorption and lithographic patterning of halogen-terminated Si(100) have been reported. With recent theoretical work exploring the use of Cl-Si(100)-(2x1) as a patternable mask to foster truly atomic-precision placement of phosphorous atoms in silicon 21 , a more thorough investigation of the STM lithography process on Cl-Si(100)-(2x1) was warranted. Moreover, adsorbed Cl atoms were recently shown to effectively inhibit the adsorption of BCl 3 during atomic layer deposition experiments 22 , thereby confirming its potential for use as an effective mask for halogenated acceptor precursor compounds.
In this paper we demonstrate patterning of Cl-Si(100)-(2x1) using STM-based lithography techniques. We investigated the lithographic patterning process at room and elevated temperatures (300 K 600 K) to obtain optimized patterning parameters. We observed STMinduced reactions at both positive and negative sample biases, corresponding to electron and hole injection, respectively. We found the patterning process to be more facile at elevated temperatures than at room temperature. Patterned areas were relatively stable up to 600 K, although we observed both inter-and intradimer diffusion of remnant adsorbed Cl atoms within created patterns. The results presented here demonstrate the use of halogens as a patternable resist for Si(100) and serve as the foundation for the development of halogen-based chemistry for atomic-precision, advanced-manufacturing applications.
II. EXPERIMENTAL DETAILS
The experiments were performed in UHV (base pressure < 5 x 10 −11 Torr) using a ScientaOmicron VT-STM with a ZyVector STM Lithography control system. The Si wafers were p-type, B-doped to .001-.002 Ω-cm or 1-10 Ω-cm, and oriented within 0.5
• of (100). The Si samples were cut to 4 × 12 mm 2 in size, mounted on a ScientaOmicron XA sample plate, and loaded into the UHV chamber. Clean Si(100)-(2x1) surfaces were prepared following the procedure found in Ref. 23 . Chlorine termination occurred shortly after clean surface preparation (100)-(2x1) a 600 K (a) before and (b) after a 500 µs voltage pulse of -5.5 V was applied. The current was stabilized at 100 pA prior to the pulse. The black arrows identify defects initially present on the surface that undergo intradimer hopping during imaging, while the white arrows identify similar defects that did not move. A total of 13 Cl vacancies were created by the pulse which consist of single, isolated vacancies as well as paired vacancies on Si dimers.
while the samples were cooling down and held at 600 K to minimize water contamination and limit the amount of inserted Cl atoms, Cl i 23-26 . This temperature was sufficient to ensure that any Cl i generated as a result of the chemisorption process can diffuse and attach at a dangling bond [25] [26] [27] , but low enough to prevent activation of etching and roughening processes 28, 29 . Cl 2 was generated from a solid-state, electrochemical cell consisting of AgCl doped with 5 wt % CdCl 2 30 . During Cl 2 exposure, the pressure remained below 7 x 10 −11 Torr. STM images were obtained and lithography was performed at room and elevated temperatures (300-600 K). The STM biases reported were applied to the sample. The sample temperature on the STM stage was controlled by a LakeShore 335 temperature controller and monitored by means of a Pt-100 resistor mounted on the STM stage. Samples were left to equilibrate for at least one hour after each temperature change prior to imaging to minimize the impact of thermally induced drift.
III. RESULTS
Cl 2 dissociatively chemisorbs on Si(100)-(2x1) and, at room temperature, each adsorbed Cl atom terminates the dangling bond of a single silicon atom 31 . Figure 1 is a representative filled-state, STM image of Cl-Si(100)-(2x1) at 400 K after a saturation exposure. A single atomic-height step runs through the middle of the image and several defects can be seen on the surface, including single Cl vacancies, like that identified with an arrow, and single dimer vacancies, like that circled. With the exception of the defected dimers just mentioned, each Si dimer is fully Cl-terminated. Figure 2 depicts a similarly prepared Cl-Si(100)-(2x1) surface (a) before, (b) during, and (c) after a 500 µs length voltage pulse of +4.25 V was applied. Prior to the pulse, the current was stabilized at 500 pA and the feedback was disabled. The black arrows identify three defects, initially present on the surface in Fig. 2(a) , that remained stationary during successive imaging and serve as a point of reference for each image. The voltage pulse was executed during the acquisition of the image in Fig. 2(b) at the site marked with the white arrow in Fig. 2(a) . The marked site can be clearly identified as a fully Clterminated dimer. The image in Fig. 2(b) was obtained as the STM scanned from the bottom of the image to the top. Just prior to the pulse, a Cl-terminated dimer is partially imaged at the site of the voltage pulse. Immediately following the pulse, two single atom-sized vacancies located on neighboring Si dimers along the same dimer row appeared. The image has improved in clarity and sharpness, presumably from the elimination of a slight double-tip. Figure 2(d) displays the line profile taken along the red dashed line in Fig. 2(c) which we compare to the line profile in black acquired across a single atomic-height step within the same data set in an area that was cropped out. We find the apparent step height to be roughly 1.4Å, as expected. In contrast, we find the apparent depth of the vacancy structure created by the voltage pulse to be 0.6Å. The appearance of the created vacancy structures correspond well with those reported for halogen vacancies located on neighboring Si dimers 32, 33 , enabling us to conclude that the pulse generated 2 single Cl-atom vacancies.
Figures 3(a) and 3(b) show STM images before and after a 500 µs voltage pulse of -5.5 V was applied to ClSi(100)-(2x1) at 600 K. The current was stablized at 100 pA prior to the pulse. The black arrows identify three defects initially present on the surface prior to applying the pulse, which serve as reference points for location identification. In contrast to the reference features in Fig. 2 , at 600 K we observed these features undergoing intradimer hopping from one side of the silicon dimer to the other in subsequent images. The white arrows identify similar structures that did not appear to move. It is difficult to say with certainty where the tip pulse was applied due to the amount of thermally induced drift at 600 K, but after the pulse was applied we observed a cluster of vacancy structures extending out ∼3 nm from the presumed pulse site near the highest concentration of vacancy structures. Interestingly, this pulse created 13 Cl vacancies in total consisting of a mixture of single isolated Cl vacancies as well as Cl vacancy pairs on a Si dimer, i.e. a bare Si dimer. Similar pulses created similar results, with many vacancies created over a span of several nanometers.
To be a viable process for device fabrication, it is necessary to pattern relatively large areas and remove a sufficient amount of Cl to enable adsorption of the appropriately chosen precursor molecule. Figures 4(a) and 4(b) are filled-state STM images after lithographically patterning a square area at 400 K. Fig. 4(a) depicts the patterning of a 15 × 15 nm 2 square with a bias of +9.0 V. The current was held constant at 1 nA and a dose rate of 10 mC/cm was used as the STM moved along and across each dimer row of the patterned area in a serpentine manner. The Cl-free dimers appear bright, making the patterned area stand out from the slightly darker Clterminated dimers in the surrounding areas. Remnant Cl atoms are found within the patterned area and tend to pair to form fully Cl-terminated dimers, which have a darkened appearance. As can be seen, the patterning is continuous across the the single atomic-height step located on the left-hand side of the image. Along the outside edges of the patterned area, and extending several nm out into the nominally Cl-terminated surrounding areas, numerous bare dimers can be seen. These bare dimers have the appearance of a triplet feature at modest scan biases, which results from the interplay between the Si dangling bonds of the bare dimer and the p-orbitals of the adjacent Cl atoms 32, 34 . The desorption of Cl outside of the intended area is akin to spurious hydrogen desorption observed during STM patterning of H-Si(100) 35 .
The 10 × 10 nm 2 square shown in Fig. refsquares(b ) was patterned at a bias of -6.0 V. The current was maintained at 10 nA and a dose rate of 10 mC/cm was used. The lithographic patterning algorithm followed a similar serpentine route as that used in Fig. 4(a) , except that it wrote along every other dimer row. Negative sample biases have been used to induce the desorption of hydrogen via hole resonances 36 , and we find that hole injection can induce desorption of Cl as well. In comparison to Fig. 4(a) , we found a higher concentration of Cl-terminated dimers within the patterned area forming extended structures, several dimers long, along the dimer rows. We determined the reduced desorption yield to be due to the specific patterning procedure implemented in which the tip passed over fewer dimer rows as compared to the process used in Fig. 4(a) . Patterning with nega-tive sample biases was also found to be continuous across steps (not shown.) Interestingly, we found significantly fewer bare dimers in the surrounding Cl-terminated areas.
IV. DISCUSSION
The typical vacancy structure created, as shown in Fig. 2 , is highly suggestive of a recombinative desorption process stimulated by the electrons injected from the STM tip. The arrangement of the Cl-vacancies on neighboring Si dimers along the same dimer row is similar to that observed for the recombinative desorption of hydrogen from H-Si(100)-(2x1) following laser-induced heating 37 . It is worth noting that Cl 2 does not typically desorb from the surface by normal thermal, photon, or electron stimulation and, as such, the desorption of Cl 2 from Cl-Si(100) has not been studied 38 . Instead, Cl is removed from the surface as SiCl 2 and SiCl 4 via etching processes 29, 39, 40 , and, to a lesser extent, as atomic Cl through a novel phonon-activated, electron stimulated desorption process that is active near 1 ML halogen coverages 33, 41 . Photon-42 and electron-stimulated desorption 43 experiments have only observed the desorption of Cl + ions from the surface, with both processes having a threshold of 15-20 eV for activation.
Negative bias pulses were found to produce extended vacancy structures, like that shown in Fig. 3(b) . The spatial extent of the stimulated reactions are in qualitative agreement with similar results of non-local atomic manipulation of adsorbates on Si(111) via hole injection [44] [45] [46] . While the reactions reported in Ref. 44 extend out over tens of nm, we find hole injection to induce reactions over a shorter length scale, presumably due to the much shorter hole injection times reported here. We do not believe the spatial extent of the vacancy complexes are due to outward vacancy diffusion since the neighboring single atom vacancies remain stationary. If there were sufficient energy to drive outward diffusion, there would be sufficient energy to enable neighboring vacancies to pair up and form a more stable configuration on a single dimer, a process that would effectively gain ∼0.4 eV in energy due to the formation of a Si-Si π-bond 47 . We are unable to definitively conclude from our results whether or not the negative voltage pulse induced the desorption of single chlorine atoms, Cl 2 molecules, or a mixture of both, but the creation of an odd number of vacancies is suggestive of a single atom desorption mechanism.
The spatial extent of the vacancies created by the negative voltage pulse seems to be counter to the observation of a negligible amount of spurious Cl depassivation seen in images like Fig. 4(b) , since both were produced using similar lithographic conditions. It is possible that the substrate temperature, 600 K for Fig. 3(b) and 400 K for Fig. 4(b) , plays a role and further investigations are underway to understand this effect.
Although STM-induced desorption of single hydrogen atoms has been demonstrated 48, 49 , it was presumed to be too energetically costly to fully desorb a single chlorine atom from the surface due to its larger adsorption energy and propensity for etching. Theoretical calculations will be required to verify, but we posit that there is also a likelihood that a single chlorine atom excites into one of several metastable adsorption sites, such as the dimer bridge bond or a silicon-silicon back-bond, to produce Cl i and a dangling bond on the surface [50] [51] [52] . Pairs of Cl i have a clearly defined STM signature, which appear as "bright features" extending across multiple dimer rows 26, 27 . The absence of these bright features in our data might suggest that the creation of dangling bonds during this investigation is due to desorption and not conversion to Cl i . However, we cannot completely rule this out as a possibility since the low diffusion barrier (0.3-0.4 eV) 51 from one inserted site to another is easily overcome at the elevated temperatures utilized in this study, enabling Cl i to reach a more stable adsorption site at a step 25 . We experienced some difficulties performing STM lithography at room temperature, which resulted in numerous tip crashes and unintentional deposition of tip material onto the surface. We found patterning to be more facile at elevated temperatures. However, at these temperatures there was concern about the loss of pattern fidelity due to diffusion of adsorbed Cl atoms into the patterned area from the surrounding edges. At 400 K, we primarily observed intradimer hopping of remnant Cl atoms within the patterned area, as shown in Fig. 5 . Intradimer hopping is imaged by the STM as a blurred feature with lobes at both ends of the Si dimer. It is the result of a single Cl atom hopping from one side of a Si dimer to the other at a rate much faster than the image acquisition rate. The barrier for intradimer hopping was previously found to be ∼0.6 eV 50 and this process was also shown to be facilitated by an STM tip under normal imaging conditions 53 . In contrast, the activation barrier for interdimer diffusion is 1.1 eV 50 . Over the course of 5 successive images we see a negligible change in the concentration of adsorbed Cl atoms within the patterned area, as well as in the size and shape of the area. However, as seen in Fig. 5 , we do observe the annihilation of two neighboring Cl atoms to create a fully Cl-passivated Si dimer and on occasion we also observed the decay of a fully Cl-passivated dimer into two neighboring Cl atoms undergoing intradimer hopping.
V. CONCLUSION
We have demonstrated STM-induced desorption and lithographic patterning of chlorine-terminated Si(100). We observed the creation of dangling bonds on the surface at both postive and negative sample biases. We found the lithographically defined patterns to be relatively stable up to temperatures of 600 K which will enable selective area deposition at elevated temperatures. Future calculations will be needed to explain the reaction mechanism and determine the desorption and insertion pathways.
We expect similar behavior on bromine and iodine terminated Si(100)-(2x1), and investigations are underway to explore these heavier halogens as patternable resists for STM lithography. Both bromine and iodine are less tightly bound to silicon than chlorine 54 and, as such, have the potential to result in a more efficient patterning process. It should be noted that iodine is mobile at room temperature on Si(100) 54 , but at 0.5 ML coverages it is locked into a self-assembled c(4x2) pattern 55 with every other Si dimer iodine-terminated and, conversely, every other dimer bare, as seen in Fig. 6 . These self-assembled patterns have the potential to serve as templates for targeted adsorption into a periodic array within atomicprecision patterned regions by leveraging the ability of iodine to fill in pre-patterned areas on H-Si(100)-(2x1) 56 
